release from intracellular Ca 2+ stores, primarily the endoplasmic reticulum (ER) (2). The resulting fall in Ca 2+ within the stores opens store-operated CRAC channels in the plasma membrane (4, 5). Ca 2+ entry through these channels refills the stores and, thus, sustains InsP 3 -dependent Ca 2+ oscillations (6). In addition to this supportive role, local Ca 2+ entry through Ca 2+ release-activated Ca 2+ (CRAC) channels during oscillatory responses in mast cells, and not the oscillations per se, signals to the nucleus to regulate Ca 2+ -dependent gene expression (7).
. The resulting fall in Ca 2+ within the stores opens store-operated CRAC channels in the plasma membrane (4, 5) . Ca 2+ entry through these channels refills the stores and, thus, sustains InsP 3 -dependent Ca 2+ oscillations (6) . In addition to this supportive role, local Ca 2+ entry through Ca 2+ release-activated Ca 2+ (CRAC) channels during oscillatory responses in mast cells, and not the oscillations per se, signals to the nucleus to regulate Ca 2+ -dependent gene expression (7) .
The two main molecular components of store-operated Ca 2+ entry are the stromal interaction molecule (STIM) and Orai proteins (reviewed in refs. [8] [9] [10] . The transmembrane ER proteins STIM1 and STIM2 detect ER Ca 2+ content through an EF-hand domain in their respective N-termini, which face the lumen of the store. Loss of luminal Ca 2+ leads to STIM aggregation within the ER followed by migration to ER-plasma membrane junctions located just below the plasma membrane. Here, they bind to and activate Orai1, a four transmembrane domain spanning plasma membrane protein, which forms the CRAC channel.
Despite significant homology between STIM1 and STIM2, there are some important differences between them. First, they differ in their respective abilities to activate Orai1. STIM2 activates Ca 2+ entry less well than STIM1, for similar levels of Orai1 expression (11) . This divergence has been attributed to differences within the amino-terminal domain of the STIM proteins (12) as well as inhibition of STIM2-Orai1 coupling by cytoplasmic calmodulin (13 (14) . STIM2 has therefore been proposed both to fulfill a housekeeping role, ensuring that the stores are topped up with calcium in the absence of stimulation, and to activate Ca 2+ entry through Orai1 after moderate store depletion (14) . By contrast, STIM1 requires a substantial fall in stored Ca 2+ for activation and is thought to gate CRAC channels after strong stimulation (11) .
Different agonists evoke different patterns of cytoplasmic Ca 2+ signal (1). In the rat basophilic leukemia (RBL)-1 mast cell line, stimulation of the G protein-coupled cysteinyl leukotriene type I (cysLT1) receptor with low concentrations of the agonist LTC 4 evokes a series of cytoplasmic Ca 2+ oscillations (7), typical of the large all-or-nothing baseline Ca 2+ spikes seen in many other cell types. By contrast, activation of FCεRI receptors with antigen or IgE leads to a Ca 2+ response that develops after a longer delay and which is punctuated by a series of slow Ca 2+ oscillations on an elevated background Ca 2+ rise (15, 16) . Both types of Ca 2+ response depend on Ca 2+ influx through CRAC channels: Both agonists activate CRAC channels in RBL cells (16, 17) , and exposure to CRAC channel blockers accelerates decline of the Ca 2+ signal in response to either cysLT1 (7) or FCεRI receptor activation (18) . However, the kinetics of InsP 3 production and steady-state InsP 3 levels differ between the stimuli. G protein-coupled receptors link rapidly to phospholipase Cβ, producing a fast, albeit transient, rise in InsP 3 levels. Tyrosine kinase-coupled FCεRI receptors activate phospholipase Cγ through a series of phosphorylation reactions, leading to a slower rise in InsP 3 levels. Fast spikes of InsP 3 that lead to the large cytoplasmic Ca 2+ oscillations exemplified by cysLT1 receptor activation will lead to large but transient decreases in store Ca 2+ content. However, the slower changes in InsP 3 levels in response to antigenic stimulation will produce smaller but more prolonged decreases in Ca 2+ store content. Therefore, modest store depletion, as seen with IgE, could drive Ca 2+ entry through a STIM2 pathway, whereas the G protein-coupled cysLT1 receptor might promote Ca 2+ signals through STIM1 instead. Here, we have tested this idea by comparing the effects of selective knockdown of STIM1 or STIM2 on physiological patterns of Ca 2+ signal and NFATdriven gene expression after cysLT1 or FCεRI receptor stimulation. We find that different agonists recruit different combinations of STIM proteins to sustain cytoplasmic Ca 2+ signals and thereby signal to the nucleus.
Results
To examine the effects of altering STIM1 expression on CRAC channel activity, we knocked down the protein by using an siRNA approach and then measured protein levels by using Western blot and immunocytochemistry. Western blot analysis revealed protein reduction of ≈60% after knockdown of STIM1 (Fig. 1A) . Broadly similar results were obtained with immunocytochemistry (Fig. 1B) , where knockdown of STIM1 occurred to an extent (≈80%; Fig. 1C Fig. 1D ; STIM1 knockdown reduced the rate of rise of the Ca 2+ signal by ≈85%). Whole cell patch clamp experiments to record I CRAC directly confirmed STIM1 knockdown led to a substantial decrease in the size of the current ( Fig. 1E ; aggregate data summarized in Fig. 1F) .
To examine the involvement of STIM1 in physiological patterns of Ca 2+ signaling, we measured cytoplasmic Ca 2+ oscillations in response to stimulation of cysLT1 receptors with the agonist LTC 4 (7) . Stimulation with 120 nM LTC 4 in the presence of external Ca 2+ evoked oscillatory Ca 2+ signals in ≈75% of cells ( Fig. 2A) . The Ca 2+ oscillations run down quickly when external Ca 2+ is removed (7), (Fig. S1 ) or when CRAC channels are blocked, demonstrating that Ca 2+ entry through the channels is needed to maintain the oscillations (7). After knockdown of STIM1, only a few Ca 2+ oscillations occurred in response to LTC 4 (Fig. 2B) , and the rate of rundown of these oscillations was similar to that seen in Ca 2+ -free solution (Fig. S1 ). Aggregate data from several cells is shown in Fig. 2C . Fewer oscillations were evoked in cells in which STIM1 had been knocked down, and the oscillations ran down considerably more quickly than the corresponding controls that were obtained in the presence of external Ca 2+ . The accelerated rundown of Ca 2+ oscillations after knockdown of STIM1 could reflect a change in Ca 2+ store content or an additional effect of STIM1 independent to Orai1 gating. We assessed store content in two ways: First, we measured the extent of the Ca 2+ rise in response to ionomycin (applied in Ca 2+ -free solution) (19) . Ca 2+ release was similar between control cells and those in which expression of STIM1 had been reduced (Fig.  2D) . Second, we stimulated cells with thapsigargin in Ca 2+ -free solution and measured the rate and extent of Ca 2+ release from the stores (Fig. 2E) . Although store content was reduced slightly after knockdown of STIM1, the difference was not significantly different from control cells [for clarity, only upper (control trace) and lower (STIM1 KD trace) error bars are shown in Fig. 2E ]. To see whether STIM1 had a role in maintaining Ca 2+ oscillations independent of its actions on Ca 2+ influx, we stimulated cells with agonist in the absence of external Ca 2+ but under conditions where Ca 2+ extrusion was prevented. Under these conditions, Ca 2+ released from the stores is no longer exported from the cytoplasm and is instead taken back into the stores in readiness for another Ca 2+ release cycle (7, 19 (Fig. S2 ).
To investigate a role for STIM2 in cytoplasmic Ca 2+ signaling, we followed a similar tack to that used for STIM1. Transfection with an siRNA construct directed against STIM2 led to a significant fall in protein expression (Fig. 3A , Western blot; Fig. 3 B and C, confocal microscopy). However, cytoplasmic Ca 2+ oscillations to LTC 4 (at least over a 10-min recording period) were unaffected by the reduction in STIM2 levels (a control response is shown in Fig. 3D , and one taken after STIM2 knockdown is depicted in Fig. 3E ). Aggregate data from several experiments is (14), we were concerned that loss of STIM2 could reduce the amount of Ca 2+ within the stores and, thereby, lower store content to a level where STIM1 might compensate. However, the amount of Ca 2+ mobilized by ionomycin or thapsigargin in cells in which STIM2 had been knocked down was similar to control cells (Fig. S3) .
Because T cells from STIM2 knockout mice show impaired NFAT residency in the nucleus with a subsequent decrease in cytokine expression after several hours of stimulation (20), we measured a slow response after cysLT1 receptor activation, namely NFAT-driven gene expression, by using GFP as a reporter gene under an NFAT1 promoter (21) . Stimulation with 120 nM LTC 4 for 40 min led to robust gene expression 24 h later in ≈20% of the cells ( Fig. 4A ; aggregate data from several cells is shown in Fig. 4C ). Knockdown of STIM1 dramatically reduced the number of responding cells (Fig. 4 A and C) . However, knockdown of STIM2 had no significant effect (Fig. 4 B and C) .
We investigated the effects of interfering with STIM protein expression on FCεRI-driven Ca 2+ signals and downstream gene expression. We therefore applied monomeric IgE acutely to activate the receptors (22) .
IgE stimulation of FCεRI receptors evokes a different pattern of Ca 2+ oscillation to that elicited after cysLT1 receptor activation. For the latter, the amplitudes of the Ca 2+ oscillations are similar, at least for the first few spikes, in the presence or absence of external Ca 2+ (Fig. S1 ). By contrast, the amplitude of Ca 2+ oscillations to IgE are reduced by the removal of external Ca 2+ (23). Stimulation with a submaximal concentration of IgE (500 ng/ mL; 80 μg/mL leads to a sustained Ca 2+ plateau) in the presence of external Ca 2+ produced a series of Ca 2+ oscillations on a slightly elevated baseline in ≈70% of the cells (Fig. 5A) . Both the amplitude and number of Ca 2+ oscillations were significantly reduced when cells were challenged with the same concentration of IgE but now in the absence of external Ca 2+ ( Fig. 5B and Fig.  S4 ). Similar results were seen after knockdown of Orai1 ( (Fig. 5E ). Knockdown of either STIM1 or STIM2 led to a significant decrease in the fraction of cells expressing GFP in response to IgE stimulation (Fig. 5F ), but there was no significant difference between the STIM1-and STIM2-deficient groups. Knockdown of both STIM1 and STIM2 reduced IgE-driven gene expression to a greater extent than knockdown of either STIM1 or STIM2 alone (Fig. 5F ). Knockdown of Orai1 also reduced gene expression to IgE (Fig. S2) . It is interesting that Ca 2+ entry contributes to the size of the initial IgE-evoked Ca 2+ transient (≈30% of the amplitude; Fig. S4 ), whereas it does not for LTC 4 -driven oscillations (Fig. S1 ). Basal Ca 2+ entry might be important in helping sensitize InsP 3 receptors to the lower levels of InsP 3 generated by IgE. Alternatively, tyrosine kinases including Lyn and Syk, which are activated by FCεRI receptors, might facilitate CRAC channel activation (24) .
We designed two types of experiments to see whether modest store depletion could activate Ca 2+ influx via STIM2. First, we stimulated fura 2-loaded cells with different concentrations of thapsigargin (Fig. S5 ). All stimuli evoked Ca 2+ entry, albeit to different extents, that represented the different levels of store depletion. Knockdown of STIM2 failed to alter the kinetics or extent of the Ca 2+ signal over any of these thapsigargin concentrations tested (Fig. S5) (Fig. S5) . Nevertheless, 1 nM thapsigargin (applied in Ca 2+ -free solution) depleted stores by 19 ± 5% (28 cells), as judged by the reduction in response to subsequent challenge with 1 μM ionomycin (also applied in Ca 2+ -free solution). The rate and extent of Ca 2+ influx to 1 nM thapsigargin was unaffected by STIM2 knockdown (Fig. S5) .
In a second series of experiments, we depleted stores fractionally to activate I CRAC submaximally. We dialyzed cells with a pipette solution containing 2 mM EGTA, which depletes stores partially and generates I CRAC that is ≈30-50% of maximal (25) . Dialysis with 2 mM EGTA activated I CRAC (Fig. S6) , and the current amplitude was increased further by stronger store depletion with thapsigargin (Fig. S6) . The size of I CRAC in response to 2 mM EGTA was unaffected by knockdown of STIM2 (Fig.  S6) . Hence, activation of I CRAC by store depletion to a level that provides ≈50% maximal I CRAC is unaffected by a significant fall in STIM2 expression.
Discussion
Although STIM proteins function both as Ca 2+ sensors and activators of CRAC channels, the relative roles of STIM1 and STIM2 in supporting physiological Ca 2+ signals and downstream Ca 2+ -dependent responses are unresolved. Because of its lower affinity for ER Ca 2+ levels, STIM2 will be recruited preferentially after modest store depletion (14) , but its impact will be countered by its lower intrinsic ability to open CRAC channels (11) (12) (13) A different conclusion was drawn from functional studies on lymphocytes, monitoring gene expression to the Ca 2+ -dependent transcription factor NFAT. NFAT-driven interleukin 2 production in CD4+ T cells was less in STIM2-deficient lymphocytes than from those taken from control mice (20) . Despite weak effects on the Ca 2+ signal (20) , STIM2 was nevertheless important for sustaining CRAC channel-dependent gene expression, measured several hours after stimulation. Similarly, B-cell-specific deletion of STIM2 revealed that the protein contributed significantly to NFAT-dependent interleukin 10 synthesis, despite only a modest reduction in store-operated Ca 2+ influx (27 oscillations, the subsequent opening of CRAC channels, and the local Ca 2+ entry that signals to the nucleus to activate gene expression all depend on STIM1 and not STIM2. Unlike G protein-coupled receptors that activate phospholipase Cβ rapidly through a heterotrimeric G protein and, therefore, produce a precipitious but transient drop in ER Ca 2+ , FCεRI receptor stimulation leads to slower build up of InsP 3 through tyrosine kinase-dependent activation of phospholipase Cγ. In the case for IgE, a steady state will therefore arise when store content has been partially reduced, reflecting a balance between InsP 3 production and breakdown. Hence, a few STIM1 and many STIM2 proteins would probably be activated with this stimulus, which would be in agreement with the functional study from (20) .
An interesting puzzle is why STIM2 contributes to IgE-evoked Ca 2+ signals and gene expression but not to those elicited by cysLT1 receptors. It is unlikely that STIM2 is needed for STIM1 trafficking because knockdown of STIM2 does not reduce the response to cysLT1 receptor activation. Nor does STIM2 gate Orai1 so poorly that the channels do not open, because loss of STIM2 had significant effect on the IgE-evoked Ca 2+ signal and gene expression. One possibility is that a signal derived from activated cysLT1 receptors, but not FCεRI receptors, destabilizes STIM2-Orai1 interaction. Alternatively, Parvez et al. have reported that STIM2 is prevented from activating Orai1 by calmodulin (13) . It is possible that the larger Ca 2+ release generated by cysLT1 receptors (ratio of 0.24 ± 0.01; Fig. S1 ) might stabilize this inhibitory interaction, whereas the smaller Ca 2+ release signal to IgE (0.19 ± 0.025 for IgE; Fig. S4 ) results in a weaker interaction. Resolution of this issue requires further work.
Our cytoplasmic Ca 2+ measurements in response to different concentrations of thapsigargin and patch clamp data both suggest that STIM2 plays little role in supporting Ca 2+ influx after ≥20% store depletion (Fig. S4) or when I CRAC is activated beyond ≈30-50% of its maximal amplitude (Fig. S5) . These findings support the view that STIM2 plays a housekeeping role, ensuring the stores are replete with Ca 2+ before stimulation and contributes to Ca 2+ signals in response to low levels of receptor stimulation that deplete stores modestly (14) . Stronger levels of stimulation, which would cause a larger cytoplasmic Ca 2+ rise, switches Orai1 gating to a STIM1-based mechanism.
Materials and Methods
Cells. RBL-1 cells were purchased from ATCC (via UK supplier LGC) and were cultured at 37°C with 5% (vol/vol) CO 2 in DMEM supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin/streptomycin.
Plasmid cDNA Constructs and RNA Silencing. The EGFP-based reporter plasmid (pNFAT-TA-EGFP) was a kind gift from Yuriy Usachev (University of Iowa, Iowa City, IA). siRNA against STIM1 and STIM2 was from Invitrogen.
Transfection. RBL-1 cells were transfected by using the Amaxa system, as described (21) . Cells were used 24-36 h after transfection.
Western Blotting. Total cell lysates (50 μg) were separated by SDS/PAGE on a 10% gel and electrophoretically transferred to nitrocellulose membrane, as described (21) . Membranes were blocked with 5% (wt/vol) nonfat dry milk in TBS plus 0.1% Tween 20 (TBST) buffer for 1 h at room temperature. Membranes were washed with TBST three times and then incubated with primary antibody overnight at 4°C. Anti-STIM1 and -STIM2 antibodies were obtained from Cell Signaling Technology and used at 1:1,000 dilution. Total ERK antibody was used at a dilution of 1:5,000. The membranes were then washed with TBST again and incubated with a 1:2,500 dilution of goat antirabbit secondary antibody IgG from Santa Cruz Biotechnology for 1 h at room temperature. After washing with TBST, the bands were developed for visualization by using ECL-plus Western blotting detection system (GE Healthcare). Gels were quantified by using the UN-SCAN-IT software package (Silk Scientific). Total ERK2 is widely used as a control for gel loading. The antibody does not discriminate between phosphorylated (and hence active) and nonphosphorylated ERK2 and therefore detects the total amount of this protein, regardless of whether the kinase has been activated. The extent of STIM protein was therefore normalized to the total amount of ERK2 present in each lysate, to correct for any differences in amount of cells used for each experiment.
Immunocytochemistry. Cells were fixed in 4% (wt/vol) paraformaldehyde in phosphate buffer for 30 min at room temperature (29) . All of the washes used 0.01% PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , and 1 mM KH 2 PO 4 ). The cells were blocked with 2% (wt/vol) BSA and 10% (vol/vol) goat serum for 1 h. Anti-STIM1 and -STIM2 were used in carrier (0.2% (wt/vol) BSA, 1% (vol/vol) goat serum) and left overnight at 4°C and were purchased from Cell Signaling. The secondary anti-rabbit IgG was a HandL chain specific (goat) fluorescein conjugate (Alexa Fluor 568, excitation at 578 nm, emission at 603 nm wavelength) from Invitrogen. This antibody was used in PBS for 2 h at room temperature. The cells were mounted in Vectashield mounting medium. Images were obtained by using a Leica confocal microscope, as described. Protein expression was quantified by computing fluorescence in three regions of interest (of identical size) in each cell, using ImageJ software, averaged and pooled together for each condition. Overexpression of STIM1 increased fluorescence approximately two-to fourfold above levels seen in wild-type cells, indicating that the latter level was not close to saturation of the detection system.
Gene Reporter Assay. Twenty-four to 36 hours after transfection with the EGFP-based reporter plasmid that contained an NFAT promoter, cells were stimulated with either leukotriene C 4 or IgE, and the percent of cells expressing EGFP was measured. Gene expression was defined as fluorescence 3× SD > cell autofluorescence, measured in nontransfected cells. Cells were stimulated in culture medium and maintained in the incubator. Statistical Analysis. Data are presented as the mean ± SE. Statistical significance was determined by using the Student t test, except in Fig. 5F , where an ANOVA followed by a post hoc Newman-Keuls multiple comparison test was used (*P < 0.05 and **P < 0.01).
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